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the chemo-mechanically gated channels due to their
unique intracellular gating domains.
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cally gated K channels, which utilize as their gating
Maria A. Schumacher,* Matthew Crum,
and Marshall C. Miller
Department of Biochemistry and Molecular Biology
Oregon Health & Science University
Portland, Oregon 97239
cue increases in the levels of intracellular Ca2 such as
occur during an action potential. SK channels underlie
the slow afterhyperpolarization (sAHP) that limits theSummary
firing frequency during an action potential (Lancaster
and Adams, 1986; Sah, 1996). Three mammalian SKSmall conductance Ca2-activated K channels (SK
channels have been cloned (SK1, SK2, and SK3) (Ko¨hlerchannels) are composed of the pore-forming subunit
et al., 1996). All SK channels are gated by submicromolarand calmodulin (CaM). CaM binds to a region of the
concentrations of Ca2. The basis for SK channel Ca2 subunit called the CaM binding domain (CaMBD),
activation was demonstrated to involve constitutivelylocated intracellular and immediately C-terminal to the
associated calmodulin (CaM) (Xia et al., 1998). The CaMinner helix gate, in either the presence or absence of
binding region was localized to a highly conserved cyto-Ca2. SK gating occurs when Ca2 binds the N lobe of
solic region of SK channels located directly C-terminalCaM thereby transmitting the signal to the attached
to the pore lining inner helix, the calmodulin bindinginner helix gate to open. Here we present crystal struc-
domain or CaMBD (Schumacher et al., 2001). SK gatingtures of apoCaM and apoCaM/SK2 CaMBD complex.
is triggered when Ca2binds to the constitutively associ-Several apoCaM crystal forms with multiple (12) pack-
ated CaM in the complex, which presumably transmitsing environments reveal the same EF hand domain-
conformational changes to the attached channel gate.swapped dimer providing potentially new insight into
CaM is an essential Ca2 binding protein (CaBP) thatCaM regulation. The apoCaM/SK2 CaMBD structure,
functions as the main Ca2 sensor in eukaryotic cells.combined with our Ca2/CaM/CaMBD structure sug-
A tremendous amount of research has focused on tryinggests that Ca2 binding induces folding and dimeriza-
to understand Ca2-induced structural changes in CaMtion of the CaMBD, which causes large CaMBD-CaM
and their effects on target proteins at a detailed atomicC lobe conformational changes, including a90 rota-
level. The first CaM crystal structure, that of Ca2/CaM,tion of the region of the CaMBD directly connected to
revealed a dumbbell-shaped molecule with two lobes,the gate.
an N-terminal lobe (N lobe) and a C-terminal lobe (C lobe)
(Babu et al., 1985). These lobes, which are structurally
Introduction homologous, each contain two EF-hand Ca2 binding
motifs, EF1 and EF2 in the N lobe and EF3 and EF4 in
K channels display two defining biophysical properties, the C lobe, that are connected by a flexible linker, which
selective K permeation and the ability to open and assumed a helical structure in the first Ca2/CaM struc-
close, i.e., gate. While a detailed understanding of the ture (Babu et al., 1985; Wilson and Bru¨nger, 2000). How-
basis of K selective permeation has been obtained and ever, underscoring the flexibility of CaM, a recent crystal
likely can be ascribed to all K channels (Doyle et al., structure of Ca2/CaM revealed a closed, compact form
1998; Morais-Cabral et al., 2001; Zhou et al., 2001), the in which the central helical linker is unfolded leading
stimuli that mediate the gating of these channels are to a more globular conformation (Fallon and Quiocho,
diverse. Two main gating categories have been de- 2003). There is no crystal structure yet available for apo-
scribed; electro-mechanical, as exemplified by voltage- CaM, but its three-dimensional structure has been stud-
gated K channels and chemo-mechanical, as typified ied by nuclear magnetic resonance (NMR) (Kuboniwa et
by K channels that respond to a wide variety of signals al., 1995; Zhang et al., 1995). These NMR studies, which
through intracellular gating domains, which reside revealed that the lobes are closed in the apo form, con-
C-terminal to the gate/pore region. Despite the diversity firmed early predictions that Ca2 binding opens and
in gating signals, the structures of two K channels, the exposes the hydrophobic faces of these lobes. The ex-
KirBac1.1, in its closed form, and the other, MthK, in posure of these hydrophobic residues promotes the
its open form, indicate that these many signals are all subsequent binding of Ca2/CaM to a large number of
funneled to a common physical gate located within the target proteins, which share little sequence homology
pore-lining or inner helix (Jiang et al., 2002; Kuo et al., but have a tendency to form basic amphipathic  helices
2003). Malleable glycine residues within this inner helix (Rhoads and Friedberg, 1997). Interestingly, despite the
appear to be the pivot points of the gate as they permit fact that the two NMR studies on apoCaM utilized nearly
helix deformation and the subsequent opening and clos- identical conditions, the CaM C lobes in these two struc-
ing of the channel (Jiang et al., 2002; Kuo et al., 2003). tures have substantially different conformations (Kubo-
However, the structural mechanisms by which this helix niwa et al., 1995; Zhang et al., 1995). Several studies
deformation is effected are likely to be distinct among have suggested that the apoCaM C lobe is structurally
flexible (Rabl et al., 2002; Kleinjung et al., 2003). More-
over, the C lobe appears to play a central role in apoCaM*Correspondence: schumacm@ohsu.edu
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target recognition by interacting with a subset of pro- detection of any regions that might display inherent con-
formational flexibility. Each apoCaM molecule in theteins that is mostly distinct from those that bind Ca2/
CaM (Jurado et al., 1999). Yet, the structural basis for structure is composed of an N lobe with four  helices
(A, residues 4–20; B, residues 28–39; C, residuesapoCaM target recognition is unknown as there are no
structures available for such a complex. 44–55; and D, residues 66–76), which encompass two
Ca2 binding EF-hands, EF1 and EF2. The N lobe struc-SK channels bind CaM in the presence or absence of
Ca2 and Ca2 binding leads to channel opening. Ca2- ture is similar to that of the apo N lobe structure deter-
mined by NMR as revealed by the root-mean-squareindependent, i.e., constitutive, interaction of CaM with
the SK  subunit CaMBD requires only the CaM C lobe deviations (rmsds) of 1.1 A˚ for superimposition of 74
corresponding C residues (Zhang et al., 1995). In ourwhile the N lobe of CaM mediates the Ca2-dependent
gating response (Keen et al., 2000). The crystal structure apo structures, the N lobe is connected to the C lobe
by residues 77–80, which are well ordered and take anof the Ca2/CaM/SK2 CaMBD complex (Schumacher
et al., 2001) revealed that in presence of Ca2, CaM/ extended, nonhelical conformation. The C lobe, like the
N lobe, contains four  helices (E, residues 81–91; F,CaMBD forms an elongated dimer in which one CaM
molecule wraps around two CaMBD subunits encircling residues 102–114; G, residues 117–129; and H,
residues 138–146) (Figures 1A–1C). The Ca2 bindingthree  helices instead of one, as had been previously
observed (Ikura et al., 1992a, 1992b; Meador et al., 1992; loops are comprised of residues 20–31 and 56–67 in the
N lobe and residues 93–104 and 129–140 in the C lobeOsawa et al., 1999; Elshorst et al., 1999). Consistent with
biochemical data, only the CaM N lobe is calcified in (Figures 2A–2C). Pairwise comparisons of the C atoms
of each apoCaM subunit results in rmsds of 0.55, 0.54,the structure while the C lobe, which mediates constitu-
tive binding, interacts with the region of the CaMBD 0.60, 0.56, 0.62, 0.79, and 0.65 A˚ and reveals little struc-
tural variability between molecules with the exceptionnearest to the inner helix gate. This structure suggested
a chemo-mechanical mechanism in which Ca2 binding of EF2 (Figure 1D). The truly striking and unexpected
aspect of this structure is the fact that the eight apoCaMto the CaM N lobe induces dimerization and somehow
propagates a large rotational force to the attached inner molecules form four nearly identical, domain-swapped
dimers.helix gate. To provide a more complete understanding
of the SK channel gating mechanism, we determined
the structure of the apoCaM/SK2 CaMBD complex. This
Overall Structure of the ApoCaM Cstructure also provides the first view of an apoCaM/
Domain/EF-Hand Domain-Swapped Dimertarget protein complex. In addition, we obtained a crys-
A distinctive feature of the apoCaM secondary structure,tal structure of apoCaM, which provides potential new
related to the dimerization process, is that F is ex-insight into CaM structure/function.
tended at its C terminus by four residues compared to
other CaM structures. This seemingly small difference,
which changes the turn between F and G into a shortResults and Discussion
connection comprised of residues 115–116, has dra-
matic consequences on how the C domain secondaryCrystal Structure of ApoCaM
Several variables were tested in efforts to crystallize an structural elements are arranged. Specifically, G/H
and therefore, EF4, are reoriented and move as a rigidapoCaM/SK2 CaMBD complex, including the ratio of
apoCaM to CaMBD (Experimental Procedures). The unit away from E, F, and EF3. As a result, the intramo-
lecular EF-hand pairing between EF3 and EF4 in the Cbest crystals (trigonal: P31) were obtained with apo-
CaM:CaMBD ratios of 3:1 to 5:1. A second crystal form lobe is destroyed (Figures 1A, 1C, and 1D). The resulting
extended structure is stabilized by the formation of a(tetragonal: P41212) appeared in a small number of the
same drops in which the P31 crystals had initially grown near perfect domain swapped dimer between C lobe
subunits (Figure 2A). This domain swap dimerizationafter several months. The P31 crystal form was solved
first utilizing a combination of single isomorphous re- process retains the critical pairing of EF3 and EF4 in the
C lobe. However, the paired EF-hands are now acquiredplacement (SIR) and multiple wavelength anomalous
dispersion (MAD) (Experimental Procedures). The ex- from different subunits. Moreover, these EF-hands com-
bine in such a way to form an extended “EF-hand belt,”perimental electron density maps clearly revealed that
there are eight apoCaM molecules and no SK2 CaMBD with arrangement EF4-EF3-EF3-EF4 (where prime indi-
cates other subunit in the dimer), which locks the dimersubunits in this crystal form. This was confirmed when
we were subsequently able to grow crystals of the trigo- in place (Figures 2A and 2B).
Although the majority of dimer contacts are impartednal crystal form using only apoCaM. In contrast, we have
not obtained crystals of the tetragonal form (below), by domain-swapped C-domain-C-domain residues, im-
portant interactions are also forged between residueswhich was found to contain an apoCaM/SK2 CaMBD
complex, without added CaMBD. The trigonal structure in the C lobe of one subunit and the N lobe of the other
dimer subunit. These include contacts between residueshas been refined to a final Rwork/ Rfree of 22.7%/27.8%
using all data to 2.54 A˚ resolution (Table 1). The final in F and B. Thus, the N lobe plays an important role
in the dimerization process. In addition to N lobe/C lobemodel contains residues 2–146 of five apoCaM mole-
cules, residues 3–146, 4–146, and 2–148 of the other contacts, there are interactions between residues in the
N- and C lobes within the same molecule; G is posi-three apoCaM molecules, and 175 solvent molecules.
The trigonal apoCaM crystal form provides eight inde- tioned next to A in the newly oriented apoCaM confor-
mation and residues from these two helices make nu-pendent views of apoCaM, thus permitting the facile
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Table 1. ApoCaM (P31) and ApoCaM/CaMBD (P41212) Selected Crystallographic Data
Structure/Crystal Form Native ApoCaM/P31 cis-Pt/P31 ApoCaM/CaMBD/P41212
Resolution (A˚) 66.4–2.54 78.0–3.30 75.2–3.09
No. total reflections 155,115 161,046 98,493
No. unique reflections 61,810 27,649 13,057
Rsym(%)a 4.7 (43.0) 7.2 (42.8) 11.6 (35.1)
I/(I) 10.2 (2.2) 12.0 (1.8) 11.2 (2.1)
% complete 98.5 (98.3) 100.0 (99.9) 100.0 (100.0)
SIR analysis, apoCaM, cis-Pt SIR (P31)
Phasing power 2.5
Rcullisb 0.46
Riso(%)c 28.9
Heavy atom sites (no.) 10
Overall figure of meritd 0.39
Refinement
Rwork/Rfree(%)e 22.7/27.8 28.6/30.8
Rmsd
Bond angles () 1.59 1.13
Bond lengths (A˚) 0.018 0.008
Ramachandran analysis
Most favored (%/no.) 87.6/910 78.8/485
Additional allowed (%/no.) 12.1/126 20.5/126
Generously allowed (%/no.) 0.3/3 0.6/4
Disallowed (%/no.) 0.0/0 0.2/1
Average B values (A˚2)
Overall 71.1 N/A
EF1 residues 78.3
EF2 residues 91.1
EF3 residues 77.5
EF4 residues 56.2
Solvent 37.2
Intensity data statistics for high-resolution shells are given in parentheses.
a Rsym  |Ihkl 	 Ihkl(j)|/Ihkl, where Ihkl(j) is observed intensity and Ihkl is the final average value of intensity.
b Rcullis  ||Fh(obs)| 	 |Fh(calc)||/|Fh(obs)| for centric reflections, where |Fh(obs)|  observed heavy atom structure factor amplitudes and
|Fh(calc)|  calculated heavy atom structure factor amplitude.
c Riso  ||Fph| 	 |Fp||/|Fp|, where |Fp| is the protein structure factor amplitude and |Fph| is the heavy atom derivative structure factor amplitude.
d Figure of merit  
|P()ei/P()|, where  is the phase and P() is the phase probability distribution.
e Rwork  ||Fobs| 	 |Fcalc||/|Fobs| and Rfree  ||Fobs| 	 |Fcalc||/|Fobs|, where all reflections belong to a test set of 10% data randomly selected
in CNS.
merous interactions. Moreover, the close approach of EF-hand conformation. Instead EF4 residues adopt a
tight  turn structure, made possible by the flexibilityA and G places EF4, located at the C terminus of G,
in a position where it can wedge in the cavity between afforded by Gly132 (Figure 2D). This tight turn appears
key in the docking of EF4 into the A/B cleft. TheA and B (Figures 2A and 2D). A hydrogen bond be-
tween the carbonyl oxygen of EF4 residue Asp133 and canonical EF-hand conformation could not dock in this
manner without steric clash (Figure 2D).the side chain O of B residue Thr34 help to anchor
EF4 in this pocket (Figure 2D). Asp133 also makes elec-
trostatic interactions with Lys30 and Arg37. This is the Evidence for ApoCaM Dimers
There are now numerous examples of domain swappingfirst demonstration of a direct interaction between CaM
N- and C lobes in a single CaM molecule. in proteins (Newcomer, 2002). Although demonstration
of domain swapping under conditions that approximateComparison of the eight individual apoCaM subunits
reveals that all the EF-hands except EF2 adopt ordered those in vivo pose a significant challenge, domain
swapping has been implicated in, and in some casesconformations (Table 1; Figure 1D). Interactions that ap-
pear to play important roles in stabilization of EF-hands, shown to be required for, protein function. For example,
domain swapping is necessary for the creation of theEF1 and EF3, are electrostatic contacts between lysine
residues located at the N terminus of these EF-hand catalytic site of T7 endonuclease I (Hadden et al., 2001).
It has also been implicated in diverse functions such asmotifs to the glutamates at the C termini of the motifs
that provide critical Ca2 bifurcating contacts in the regulation of protein function and the generation of
large protein aggregates (Newcomer, 2002). For domaincalcified form of CaM. In EF1, these residues are Lys21
and Glu31 and in EF3, Lys94, and Glu104 (Figures 2B swapping to occur, the energy barrier between the
monomeric form and the domain swapped fold mustand 2C). EF3 is located at the dimer interface and is
involved in the formation of the EF-hand belt (Figures be low, thus the protein must be inherently flexible or
contain a flexible “hinge region.” As noted, extensive2A and 2B). EF4 is the most unusual EF-hand in the
apoCaM dimer structure and does not take a canonical data has documented the fact that the apoCaM C lobe
Structure
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Figure 1. Crystal Structure of ApoCaM
(A) Ribbon diagram of the apoCaM dimer with one subunit colored red and the other yellow. Secondary structural elements are labeled as
are the N and C termini. This figure and Figures 1D, 2A–2D, 3B, 3C, 4A, 4B, and 5 were made with SwissPdbViewer (Guex and Peitsch, 1997)
and rendered with POVRAY (POVRAY, Persistence of vision Raytracer version 3.1; http://www.povray.org).
(B) Electrostatic surface representation of the apoCaM dimer, oriented as in Figure 1A. Blue and red regions correspond to basic and acidic
regions, respectively. Note the strongly acidic region between subunits within the apoCaM dimerization interface. This figure was generated
with GRASP (Nicholls et al., 1991).
(C) Simulated annealing composite omit electron density map, contoured at 1.5 , of the apoCaM structure showing an area around the
domain swap crossover.
(D) C superimposition of the 12 uncomplexed apoCaM structures determined in this study. Eight of the molecules (colored light green,
magneta, light blue, red, white, yellow, cyan, and cyan-green) are from the P31 crystal form and four (colored dark blue, pink, orange, and
medium green) are from the P41212 crystal form.
is highly flexible and residues involved in C lobe domain F and G is highly acidic, predominantly within the
dimerization interface itself. It is possible then, thatswapping, 102–115, were implicated as being highly dis-
ordered in NMR structures of apoCaM. These residues in vivo uncomplexed apoCaM may exist in a monomer
to dimer equilibrium, the direction of which would de-are also completely disordered in our apoCaM/CaMBD
structure (below). Baker and coworkers have suggested pend on the particular cellular conditions and specific
local environment.that “strain” in a loop or turn may predispose a protein
to domain swap (Kuhlman et al., 2001; O’Neill et al., Several points suggest the possibility that a domain-
swapped apoCaM dimer might be biologically relevant.2001). Thus, the marked flexibility in turn residues 102–
115, which separate the C lobe EF-hands, suggests a First, dimerization is a common theme among CaBPs
and the recent structure of the grass pollen allergen,means for how the apoCaM domain swap dimerization
may occur. On the other hand, it is notable that although Phl p 7, also revealed an EF-hand domain swapped
dimer, providing an important precedence for EF-handthe apoCaM dimer interface is extensive, it appears to
be quite electrostatically unfavorable. As observed in domain swapping (Donato, 1999; Verdino et al., 2002).
Second, the fact that apoCaM exists as only dimers inFigure 1B, the domain swap/crossover region between
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Figure 2. The Structure of the ApoCaM EF-Hands
(A) Stereoview of the apoCaM dimer colored as in Figure 1A and oriented to show the “EF-hand belt” in the C domain dimerization region.
(B) Close up apoCaM EF3 and EF4 showing their conformations and the arrangement of the EF-hand belt that is formed by dimerization.
(C) Conformation of apoCaM EF1 and EF2.
(D) C superimposition of EF4 residues of the apoCaM crystal structure (magenta) and the apoCaM NMR structure (violet) showing the
intramolecular C lobe:N lobe interaction in the crystal structure. The asterisk indicates clash that would result between NMR and crystal
conformations.
two distinct crystal forms (see below) as well as the fact cells (Kakiuchi et al., 1982; Jurado et al., 1999; Persechini
and Stemmer, 2002; Verkade et al., 1997).that these two forms contain 12 independent apoCaM
molecules, all of which form dimers (six dimers total)
indicates that this is not a crystal packing artifact. Also Dynamic Light Scattering Reveals that ApoCaM
Can Be a Dimer in Solutionarguing against crystallization conditions provoking arti-
ficial dimerization is the finding that the apoCaM/ To complement the equilibrium sedimentation and
FTICR mass spectrometry studies of Lafitte and cowork-CaMBD complex (see below) is monomeric despite the
fact that this complex is grown using the identical crys- ers, we examined the oligomeric state of apoCaM using
a different method, dynamic light scattering (DLS). DLStallization conditions. A third point is the extensive di-
merization interface, which buries2520 A˚2 surface area experiments were carried out using 15 M apoCaM in
buffered solution with 150 mM NaCl and 5 mM EGTAof each subunit from solvent and the fact that the final
concentrations used in apoCaM crystallization setups (Experimental Procedures). Analysis of the DLS data
resulted in a molecular weight of 37  3 kDa, consistent(0.15–0.40 mM) are much lower than the1 mM concen-
trations used in NMR analyses. In fact, it is the surprising with a CaM dimer (33 kDa). Like the data of Lafitte and
coworkers, these data indicate that at physiologicallythat the two NMR-derived full-length apoCaM C domain
structures, which were obtained under essentially the relevant concentrations, apoCaM dimers exist in solu-
tion. However, further studies are clearly needed to ad-same conditions, display very different conformations
while the N lobes in these structures are basically identi- dress apoCaM domain swapping and the physiological
role, if any, of a domain swapped apoCaM dimer.cal (Kuboniwa et al., 1995; Zhang et al., 1995). The NMR
analyses studies displayed significant line broadening
of the C lobe regions, which could be indicative of dimer- Crystal Structure of the ApoCaM/SK2
CaMBD Complexization. However, further NMR analyses are needed to
address this issue. Finally, a study carried out by Lafitte Crystals of the apoCaM/CaMBD complex were grown
using a truncated form of the SK gating domain thatand coworkers provided previous evidence for CaM di-
merization. Their analyses utilized both equilibrium sedi- spans residues 412–490, which was constructed based
on our finding that residues 395–412, which directly con-mentation and Fourier-transform ion cyclotron reso-
nance (FTICR) mass spectrometry (Lafitte et al., 1999). nect to the inner helix gate, were disordered in the Ca2/
CaM/CaMBD structure (Schumacher et al., 2001). WeIn these studies, noncovalent CaM dimers were ob-
served at concentrations of 25M under physiologically confirmed that CaMBD(412-490) binds to apoCaM with
the same affinity as CaMBD(395-490) by fluorescencerelevant conditions; denaturing conditions revealed only
monomers. These concentrations are near the intracel- polarization (FP) studies, which revealed Kds of 65  9
nM and 80 20 nM for apoCaM binding to CaMBD(395-lular concentrations of apoCaM, which, although can
vary significantly depending on if the protein is anchored 490) and CaMBD(412-490), respectively (Experimental
Procedures; Figure 3A). The apoCaM/CaMBD(412-490)to the plasma membrane or associated with CaM stor-
age proteins, typically ranges from 1 to 20 M in most crystals take the tetragonal space group P41212. The
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Figure 3. Crystal Structure of the ApoCaM/SK2 CaMBD Complex
(A) Fluorescence polarization binding isotherms, colored blue and red, respectively, of CaMBD(395-490) and CaMBD(412-490) binding to
apoCaM, showing the normalized change in anisotropy plotted against CaMBD concentration. A is the measured anisotropy value at each
addition of CaMBD. A0 is the anisotropy value of F-apoCaM in the absence of CaMBD, and Amax is the maximal anisotropy value.
(B) Ribbon diagram of the apoCaM/CaMBD complex. The CaMBD is shown as a red ribbon and apoCaM is represented as thin ribbons. The
regions of the C lobe that are not well ordered in the crystal are colored cyan, and the flexible linker, which is not visible in the structure, is
indicated by a dashed line.
(C) Close-up view of the apoCaM/CaMBD interaction. The CaMBD is colored cyan and the apoCaM C lobe is magenta. Residues involved in
the interaction are shown as stick representations and labeled.
structure was solved by a combination of molecular complexed apoCaM, all of which form essentially identi-
cal dimers (Figure 1C). On the other hand, the findingreplacement (MR) and MAD. The structure contains an
unusual asymmetric unit consisting of two apoCaM do- that CaMBD binds an apoCaM monomer to form a 1:1
monomeric complex is consistent with our previous DLSmain swapped dimers (residues 2–146 of three CaM
molecules and 2–20, 25–146 of the fourth CaM molecule) experiments (Schumacher et al., 2001).
and a monomeric apoCaM/SK2 CaMBD complex (resi-
dues 5–72, 81–89, 97–101, and 116–146 of apoCaM and ApoCaM/CaMBD Contacts
A distinctive feature of the apoCaM/CaMBD complex isresidues 430–440 of CaMBD) and has been refined to
an Rwork/Rfree of 28.6%/30.8% to 3.09 A˚ resolution (Table its high degree of flexibility, especially when compared
to the Ca2/CaM/CaMBD complex (Schumacher et al.,1; Figure 3B).
Examination of the crystal packing reveals that the 2001). The structure reveals that the key region of
CaMBD involved in apoCaM binding consists of resi-CaMBD-bound apoCaM lobes are each independently
anchored by numerous crystal contacts with apoCaM dues 430–440, which forms an  helix that binds only
the C lobe of CaM (Figure 3B). Therefore, the CaM Ndimers. Residues 73–80, which link the CaM lobes are
completely disordered, and therefore the identification lobe is free to form contacts with and subsequently
induce folding of a neighboring CaMBD subunit in theof which N lobe is connected to which C lobe in the
crystal was identified by the constraint that the two lobes dimerization process that occurs upon Ca2 binding. In
the apoCaM/CaMBD complex, the Trp432 side chainmust lay within the calculated distance of an extended
polypeptide eight residues long. The CaMBD is located wedges into the small hydrophobic cavity of the C lobe
comprised of Phe89, Leu116, Met124, Met144, andnext to a large solvent cavity in the crystal, which pro-
vides space for the large number of disordered residues Met145 and hydrogen bonds via its side chain N to the
carbonyl oxygen of Met144 (Figure 3C). Remarkably, inthat are present in its apoCaM-bound form. Therefore,
there are no restraints placed upon the structure of the the Ca2/CaM/CaMBD structure, the Trp432 side chain
is oriented differently and inserts into an alternativebound CaMBD, indicating that its conformation is deter-
mined only by its interaction with the CaM C lobe. The pocket formed by residues Glu127, Met124, Phe141,
and Met144 (Schumacher et al., 2001). The require-apoCaM/CaMBD complex also reveals that the C lobe
structure is highly flexible; only CaM C lobe residues that ment and crucial role that this residue plays in both
apoCaM and Ca2/CaM binding to the CaMBD has beenare involved in CaMBD complex formation are clearly
visible in the crystal. In fact, residues 102–115 are mostly demonstrated previously by fluorescence studies (Keen
et al., 2000). The dissimilarity in binding of the Trp432disordered, again, suggesting that the C lobe EF-hand
pairing is not stable, thus presenting an opportunity side chain in the two complexes readily explains the
fluorescence data, which indicated that the Trp432 sidefor domain swapping to occur. Despite the markedly
different packing environments of the tetragonal and chain resides in different environments in the calcified
versus the noncalcified forms of the complex (Keen ettrigonal crystal forms, the two apoCaM dimers in the
former structure are essentially identical to those in the al., 2000).
The distinct binding modes observed for the Trp432latter with rmsds between 0.70 and 0.80 A˚ for all corre-
sponding C atoms. Thus, as noted, these two crystal side chain underscores the finding that in the apo com-
plex, the CaMBD interacting C lobe adopts the “closed”forms combined provide 12 independent views of un-
Structures of ApoCaM and ApoCaM/SK Gating Complex
855
CaM lobe conformation. This is distinct from the “semi- tion (Dyson and Wright, 2002). Protein induced folding
permits fast and efficiently regulated responses of theopen” conformation adopted by the C lobe in the
calcified complex (Schumacher et al., 2001). This confor- cell to changing environments. It has become well rec-
ognized that disordered segments in proteins are verymational alteration in the CaM C lobe is likely the result
of the large structural changes that occur in the entire common, especially in eukaryotic proteins. In fact, in
four eukaryotic genomes surveyed, over 30% of se-complex and are transmitted to key residues 430–440
when Ca2 binds to the CaM N lobe. Specifically, the quences are predicted to have disordered segments 50
residues or longer. Moreover, in Drosophila, an aston-further folding of the CaMBD, induced upon binding the
calcified CaM N lobe, causes residues 430–440 to rotate. ishing 17% of proteins are predicted to be completely
disordered (Dyson and Wright, 2002). Interestingly, itPresumably, the extremely tight interaction observed
between the semi-open C lobe and the CaMBD in the has been suggested that the atypical structures adopted
by intrinsically disordered regions and their unusualcalcified complex is the result of an induced fit of the
C lobe upon the shift in the location of 430–440 and amino acid composition may help them evade proteo-
lytic degradation (Dyson and Wright, 2002). Intrinsicallythe folding of residues both N terminal and C terminal
to these residues. The switch to the semi-open state of disordered regions are characterized by large stretches
of polypeptide (30 residues) enriched in amino acidsthe C lobe permits the vast number of contacts observed
in the Ca2/CaM/CaMBD complex. Furthermore, this in- such as Ala, Arg, Gly, Gln, Ser, Pro, Glu, and Lys (Wil-
liams et al., 2001). Notably, over 50% of the disorderedduced fit is made possible by the relatively flexible state
of the C lobe in the uncalcified state. Thus, it appears region of the CaMBD is composed of these very resi-
dues. Thus, for SK gating, a two-tiered folding mecha-that enthalpy drives the formation of Ca2-bound state
while the Ca2-free form of the complex is entropically nism may occur in which CaM binding to the CaMBD
induces folding of CaMBD residues 430–440. Ca2 bind-favorable. Indeed, in the apo complex, the Trp432 side
chain provides the sole hydrophobic attachment to ing to the complex could then induce folding of residues
adjacent to 430–440, also leading to CaMBD dimeriza-the C lobe, whereas in the Ca2/CaM/CaMBD complex,
three hydrophobic residues, Ala425, Leu428, and tion, which further stabilizes the new CaMBD fold. Per-
haps the critical role played by helical residues 430–440Trp432, insert into three shallow hydrophobic pockets
in the semi-open C lobe (Schumacher et al., 2001). Be- in transmitting the gating signal explains why this is the
only region of the CaMBD that is always folded in thecause of the low resolution of the apoCaM/CaMBD
complex, side chain contacts are not resolved in detail. complex (in the presence or absence of Ca2). In con-
trast, the remaining CaMBD residues fold only uponHowever, electrostatic interactions are suggested be-
tween CaMBD residues Lys436 and Lys439 and CaM Ca2 binding, thus serving as a rapid and tightly regu-
lated on/off switch.residue Glu84. These basic CaMBD residues also pro-
vide electrostatic complementarity to negative helix di- To further analyze the helical content of CaM/CaMBD
complexes in solution, we carried out circular dichroismpole of H. In addition, Thr431 is within contact distance
to both Leu116 and Glu120. Finally, the side chain of (CD) experiments on the CaM/SK2 CaMBD complex
both in the absence and presence of Ca2. Deconvolu-CaMBD residu eTyr435 makes van der Waals contact
with residues in E and H (Figure 3C). tion of the spectra for secondary structure analysis indi-
cated that the apoCaM/SK2 CaMBD complex contains
40%  helix. In contrast, in the presence of Ca2, the
Evidence for SK Gating Domain Flexibility -helical content is markedly increased to 61%. These
The flexibility exhibited by the apoCaM/CaMBD com- values are in excellent agreement with those calculated
plex is consistent with a recent NMR analysis of the from the crystal structures (36% for the apo complex
CaMBD and the apoCaM/CaMBD complex in which SK2 and 64% for the Ca2 complex) (Figures 4A–4C).
CaMBD residues 423–437 displayed helical propensity The highly flexible binding mode observed in the apo-
in the absence of CaM, while the remainder of the CaM/SK2 CaMBD complex parallels what has been ob-
CaMBD was disordered (Wissmann et al., 2002). Addi- served in other apoCaM/target protein interactions (Cui
tion of apoCaM resulted in an interaction that appeared et al., 2003; Ran et al., 2003). The interaction between
to be under fast exchange, indicating a very dynamic apoCaM and the protein neurogranin was found to be
complex. Based on the apoCaM/CaMBD NMR study, under fast exchange and, therefore, was not stable
residues 430–435 of a semihelical region encompassing enough for structure determination by NMR (Cui et al.,
residues 423–437 were proposed to mediate the forma- 2003; Ran et al., 2003). Thus, the fluid-like nature of
tion of the CaM/CaMBD complex in the Ca2-free state. apoCaM interactions appears to be a recurrent attribute
Consistent with this supposition, mutations in this of apoCaM/target protein interactions (Hill et al., 2000).
CaMBD region abolished the constitutive formation of Aside from flexibility, another emerging theme in apo-
the complex in vivo (Wissmann et al., 2002). Thus, NMR CaM interactions is that all characterized apoCaM tar-
and our crystallographic data combined indicate a gets bind primarily to the apoCaM C lobe. In the case
high degree of flexibility exists in the apoCaM/CaMBD of neurogranin, the points of contact on apoCaM that
complex. were identified were C domain resides 112–117 and 145–
The importance of intrinsically unfolded regions in 148, which include the same regions of CaM that interact
proteins that become folded only upon target binding with the CaMBD (Cui et al., 2003; Ran et al., 2003). Similar
function is well documented for CaM-interacting pro- to SK channels, cyclic nucleotide phosphodiesterase
teins as well as proteins that control critical cell pro- (PDE) binds CaM in the presence and absence of Ca2
(Yuan et al., 1999). The CaM-interacting region in PDEcesses such as the cell cycle, transcription, and transla-
Structure
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Figure 4. Comparison of Ca2-Bound and -free Forms of the CaM/CaMBD Complex and the ApoCaM Dimer Shown with the C Domains in
Approximately the Same Orientation
(A) The apoCaM/CaMBD complex.
(B) The Ca2/CaM/CaMBD complex.
(C) CD spectra of the apoCaM/CaMBD and Ca2/CaM/CaMBD complexes. The normalized spectra of the apoCaM/CaMBD complex (blue)
and the Ca2/CaM/CaMBD complex (red). The buffer used for the measurements was 20 mM HEPES (pH 7.5), 5 mM EGTA for the apoCaM/
CaMBD complex and 20 mM HEPES (pH 7.5) and 10 mM CaCl2 for the Ca2/CaM/CaMBD complex.
is largely helical when in complex with Ca2/CaM and osin light chain kinase (MLCK) target site, denoted RS20,
as well as the interaction between apoCaM and thebinds both the N- and C lobes of CaM. When bound to
apoCaM, this region in PDE is much less helical and sodium channel IQ-motif region, reveal that these sites
also only interact with the apoCaM C domain (Tsvetkovinteracts only with the CaM C lobe (Yuan et al., 1999).
Studies on the interaction between apoCaM and its my- et al., 1999; Hill et al., 2000; Mori et al., 2003).
Structures of ApoCaM and ApoCaM/SK Gating Complex
857
Figure 5. Ca2-Induced Rotation of Constitutively Bound CaMBD
Stereoview of the Ca2-induced conformational change in the CaM/CaMBD complex. The apoCaM/CaMBD complex is colored blue and the
Ca2/CaM/CaMBD complex, yellow. Note the distinct positions of the CaMBD in these two complexes which are related by a 90 rotation.
This large rotation in the constitutively bound portion of the CaMBD, which would be directly transmitted to the attached pore gate, likely
drives opening of the gate.
Comparison of Ca2-free and -Bound sage “read out” by the intracellular gating domains is
transmitted into a mechanical force to promote move-CaMBD Complexes
SK channels are opened when Ca2 binds to the consti- ment of the attached inner helix gate. The MthK and
KirBac1.1 crystal structures, which contain the pore/tutively associated CaM within the SK channel heterooli-
gomeric complex. For gating to occur there must be a gate as well as C-terminal domains proposed to be in-
volved in gating, support this idea and suggest thatlarge change in the part of the CaMBD, residues 430–
440, that is directly attached to the inner helix of the the location of the physical gate coincides with flexible
glycine residues in the inner helix (Jiang et al., 2002;channel. The Ca2/CaM/SK2 CaMBD crystal structure
revealed that Ca2 only binds the N lobe while the C Kuo et al., 2003). The KirBac1.1 structure represents a
closed K channel state and suggested Gly143, whichlobe is uncalcified and complexed to the 430–440 region
(Schumacher et al.., 2001). In that structure, the Ca2- is the only conserved inner helix glycine in the inward-
rectifier family, as the gate location. The MthK structure,bound N lobe interacts with the C-terminal region of
a CaMBD molecule from another subunit inducing its an open channel form, demonstrated the importance of
a different glycine, Gly83, that although not conservedfolding and dimerization. Lending credence to our gating
domain dimer-of-dimers model is the recent structure in inward rectifier channels such as KirBac1.1, is con-
served in most other K channels, including SK chan-of KirBac1.1 in which a predicted gating domain located
C terminal to the tetrameric pore forms a dimer-of- nels. Whereas Gly83 is located directly below the selec-
tivity filter, Gly143, in KirBac1.1, is located closer to thedimers (Kuo et al., 2003). In the apoCaM/CaMBD struc-
ture we find that, with the exception of residues 430–440, bundle crossing. Our previous data indicate that the SK
gate is positioned close to the selectivity filter, whichmost of the CaMBD is disordered, and thus the complex
is highly malleable (Figures 4A and 4B). Comparison of would imply the location of its gate more closely resem-
bles MthK. This suggests that Gly383 is the likely loca-the Ca2-bound and -free forms of the complex suggests
that Ca2 binding to the CaM N lobe leads to both intra- tion of the pivot point in the SK2 gate (Bruening-Wright
et al., 2002). While our CaM/CaMBD structure in themolecular and intermolecular (induced folding and di-
merization of the complex) events, the ultimate outcome presence and absence of Ca2 reveals some insight into
possible conformational alterations that may take placeof which are large conformational changes in CaMBD
residues 430–440. Specifically, superimposition of the to elicit gating, further studies on pore-containing com-
plexes will be needed to fully understand the conforma-C lobes of apoCaM and Ca2/CaM from the apoCaM/
CaMBD complex and the Ca2/CaM/CaMBD complex tional changes that occur upon Ca2 binding and how
these changes are transmitted to the inner helix gate.reveals that the result of these linked events is a reorien-
tation of helical residues 430–440 by a 90 rotation
(Figure 5). In short, because helical residues 430–440 Experimental Procedures
are attached to the inner helix gate of the channel, their
Crystallization and Data Collection: ApoCaM and ApoCaM/large rotation would be transmitted directly to the gate
SK2 CaMBD Complexto alter its structure.
Crystallization of apoCaM with CaMBD(395-490) resulted in twoOur structures do not contain the inner helix/gate re-
crystal forms that diffracted poorly (to 5.5 and 10.0 A˚). Thus,
gion of the SK channel. However, accumulating data CaMBD(412-490) was constructed and the resulting protein purified
suggest that all chemo-mechanically gated K channels using Ni-NTA agarose. CaM and selenoCaM were purified as de-
scribed (Schumacher et al., 2001). The buffer used for the apoCaMutilize similar mechanisms in which the chemical mes-
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complex was 20 mM Tris (pH 7.5), 50 mM NaCl, 2 mM EGTA. Crystals regression. Increasing the salt concentration in the binding buffer
from 50 to 500 mM had no noticeable effect on CaMBD binding.were grown by hanging drop-vapor diffusion using 1.2 M Citrate
(pH 6.5) and 0.1 M HEPES (pH 7.0). The initial crystals were trigonal,
space group P31, with cell dimensions a  b  146.0 A˚ and c  CD Spectroscopy
78.0 A˚. The largest crystals grew from drops in which 3:1, 4:1, or CD spectra of the apoCaM/SK2 CaMBD and Ca2/CaM/SK2 CaMBD
5:1 apoCaM to CaMBD ratio were used and the final concentration complexes were taken on an AVIV 215 Circular Dichroism Spectrom-
of apoCaM in these crystallization trials ranged from 0.15 to 0.40 eter. Measurements were made using a 0.1 mM path cell and data
mM. A second, tetragonal crystal form, with unit cell dimensions were collected on a PC interface with software provided by AVIV.
a  b  79.9 A˚, c  220.8 A˚ grew after several months in some of Measurements consisted of one scan with a resolution of 0.5 nm
the drops in which the trigonal crystals had grown. The P31 and averaged for 1 s/interval with a 0.1 s time constant and a setting
P41212 crystals were looped and cryo-cooled directly from the drop. time of 0.333 s (bandwidth 1.0 nm). The buffer used for the spectral
Native data for the P31 crystal form were collected at the Stanford measurements was 20 mM HEPES (pH 7.5), 5 mM EGTA for the
Synchrotron Radiation Laboratory (SSRL) beamline 9-1 at 100 K. apoCaM/SK2 CaMBD complex and 20 mM HEPES (pH 7.5) and 10
P31 MAD and SIR data sets were collected a beamlines I-5, 9-1, mM CaCl2 for the Ca2/CaM/SK2 CaMBD complex. Protein concen-
and 9-2. MAD data for the P41212 crystal form were collected at trations were 0.5–1.0 mg/ml. The CD spectra for each complex
SSRL beamline I-5 at 100 K. All data were processed with MOSFLM. was deconvoluted for secondary structure content using the singu-
lar-value and variable selection methods as described (Compton
Structure Determination and Refinement and Johnson, 1986).
of the P31 ApoCaM Crystal Form
The trigonal crystal form was solved by a combination of SIR and Dynamic Light Scattering
MAD. SOLVE located the sites of a cis-diammine-tetrachloroplati- DLS was carried out using a 2001 DynaPro Dynamic Light Scattering
nate (cis-pt) derivative, resulting in a score of 42.1 and a figure of Instrument. All solutions were filtered through 0.1 mM Anotop filters.
merit of 0.39. Following refinement of the heavy atom parameters, Duplicate runs were made taking 20 to 40 scans at 30 s each at
density modification was carried out using CNS, which produced 22C and analyzed by the DYNAMICS software, version 3.30. CaM
partially interpretable electron density maps into which five apoCaM concentrations below 15 M produced signals that were too weak
subunits could be traced. Once five CaM molecules had been for deconvolution of the data. Despite minor polydispersity, apoCaM
placed, the selenium sites (from the methionine positions) could be solutions (in 20 mM Tris [pH 7.5], 50–150 mM NaCl, 5 mM EGTA)
deduced for MAD phasing. The resulting MAD map permitted all were successfully analyzed using a bimodal analysis. The baseline
apoCaM molecules to be located, which were traced independently. errors in these measurements were 1.007 and the relative polydis-
Averaging was not used. Refinement using CNS and rebuilding in persity was 29% (baseline errors
1.005 and polydispersities
25%
O resulted in an Rwork/Rfree of 22.7%/27.8%, using all data to 2.54 A˚ are indicative of monodisperse species). The bimodal analysis re-
resolution (Jones et al., 1991; Bru¨nger et al., 1998) (Table 1). Because vealed a molecular weight of 37 3 kDa, consistent with an apoCaM
the structure revealed that the P31 crystals only contained apoCaM, dimer. CaM/Ca2 solutions (in 20 mM Tris [pH 7.5], 100 mM NaCl,
we repeated the crystallization and found that, although not as 3 mM CaCl2) at the same concentrations were highly aggregated
optimally, the same trigonal crystal form could be obtained with and the large polydispersity (50%) prevented successful molecular
apoCaM alone. weight analysis. This aggregation or polydispersity is most likely
due to the presence of excess Ca2, as it has been demonstrated
Structure Determination of the Tetragonal P41212 that up to ten Ca2 ions can be associated with the highly acidic
Crystal Form CaM (Lafitte et al., 1995). As revealed by the 1.0 A˚ crystal structure
The tetragonal crystal form was solved by a combination of molecu- of Ca2/CaM, binding of extra Ca2 ions can lead to additional inter-
lar replacement (MR) and MAD. Because we initially anticipated molecular interactions and thus, aggregation (Wilson and Bru¨nger,
that this crystal form, like the trigonal form, would contain apoCaM 2000).
dimers, we used an apoCaM dimer as a search model in MR, which
resulted in two clear solutions. However, after several cycles of Acknowledgments
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